Abstract The paper describes advanced Finite Element Analysis solvers for the treatment of material magnetization. The prediction of hysteretic behaviour in soft ferromagnetic materials is outlined, demonstrating how remanent forces and hysteresis loss can now be accurately quantified. Results from analysis of a hysteresis motor and brake demonstrate the usefulness of the new algorithm in the design of such highly specialized devices. Details of modelling the magnetization of hard magnetic material sections are also presented, along with their subsequent in-service de-magnetization in an electrical machine, as a result of high reverse currents.
Introduction
High energy efficiency and power to weight ratio are paramount in the design of modern electromagnetic devices in the ever-demanding aerospace and automotive sectors. Designers strive to exploit new materials through improved design, and by tailoring the design to specific operating requirements and conditions. Therefore, highly functional and accurate simulation software is needed to achieve these tasks efficiently in an industrial environment. The software must be capable of representing the hysteretic behaviour of permanent magnets as well as ferromagnetic iron, and allow for variations in the material characteristics arising from changes in the operating temperature. This paper describes the treatment of materials magnetization modelling in finite element analysis when the trajectory of the magnetization is predictable and when it is more random. The former, illustrated by the example of magnetization and demagnetization in-service of permanent magnets, requires only a family of curves from which interpolation can be made. In applications such as hysteresis brakes and motors, a full hysteresis model is required where minor loops are constructed as required from readily available measured data.
Permanent Magnet (De-) Magnetization

Methodology
A Finite Element Analysis package to model the magnetization of permanent magnets has been included in the OPERA software [1, 2] . The package allows for transient, non-linear simulation of the magnetization fixture, including eddy currents, using a material model defined by the measured non-linear virgin BH curve and a set of demagnetization curves, as shown in Fig.  1(a) . These curves may be defined using polynomial expressions of the form
or a look-up table. The polynomial representation is suitable for hard rare-earth magnets, while the look-up table is more appropriate for alnico and ferrite materials, where it is difficult to find coefficients for the quadratic that ensure correct physical behaviour. Additional families at different temperatures could also be specified. The magnetization distribution evaluated during the simulation can then be transferred to an application model for static or dynamic electromagnetic analysis of the device in which the magnetized section(s) are used. The push for increased efficiency, smaller size, reliable performance and low cost designs has led to the need for extending this magnetization model to account for further changes to the magnetization of the PM segments ' in service' . The extended model also requires a virgin BH curve and sets of temperature-dependent demagnetization curves. However, additional data defining the straight line recoil behaviour of the material is now also provided (see Fig. 1(b) ) and the necessary field history of the material is stored so that both re-and demagnetization in the application device, e.g. an electrical machine, can be modelled.
Example Application: Permanent Magnet Generator Performance
The operation of an electrical machine involves motion and, generally, the designer is interested in the production of motion by the interaction of electromagnetic fields (motoring) or the production of electricity by applying motion to an electromagnetic field (generating). Consequently, only a motional FEA solver can model the exact operating characteristic of a machine and hence, the materials models described in Section 2.1 were included within OPERA-2d/RM (Rotating Machines) and OPERA-2d/LM (Linear Machines) solvers. Only one quarter of the symmetric structure needs to be defined, together with appropriate (negative periodicity) boundary conditions. A collection of external circuits, connecting the generator terminals to the load was defined together with mechanical equations defining rotor dynamics. Using OPERA2d/RM, the generator was initially modelled on open circuit, before a 3-phase fault was applied across its terminals. The fault was cleared after a further 0.25 sec.
OPERA-2d/RM was used to monitor the generator output, as well as the condition of the permanent magnets during the event. Among electric and magnetic quantities logged within the program (such as armature currents and voltages), the program continuously recorded the Bfield magnitude and orientation in each element of the permanent magnet, storing the minimum value reached for future access. The minimum radial flux density magnitude, #DBr, reached near the permanent magnet surface is shown in Fig 3. (a) #DBr during open circuit condition (b) #DBr as a result of short circuit Although the magnets were largely shielded from reverse currents using a copper sleeve, Figure  3 (b) confirms that during the fault, the parts of the magnets were driven below 0.1 Tesla, beyond the reversible, ' knee-point'of the curve (Ref . Fig 1(b) ). The event will have caused some permanent degradation in the magnet, evidence of which is seen in the reduced peak value of the open circuit voltage waveform, after the fault clearing -see Figure 4 . 
Transient Modelling of Hysteresis
The numerical treatment of ferromagnetic hysteresis is important in many areas of electrical engineering design. Examples include the minimization of electrical losses in motors, and the calculation of residual forces in actuators and motors. Numerical modelling of hysteresis is particularly difficult. The large-scale magnetic properties that are seen by the electrical engineer arise from irreversible small-scale internal interactions of the magnetic domains. The presence of length scales that are hugely different provides a computational challenge for the numerical modeller. A further challenge is that any technical solution must be practically useful to the typical design engineer. It must not require material data that are prohibitively costly, or available only in a research environment, and it must be computationally efficient.
Methodology
A practical engineering approach has been adopted to address this problem. In the new approach, the magnetic behaviour is considered as a trajectory B(H). The trajectory is based on a measured major symmetric loop that is supplied by the user. These data may be obtained from in-house measurements or published data-sheets, and are imported into OPERA as standard tables describing half the loop in the first, second and third quadrants (see Fig. 5(a) ).
(a) Entering hysteresis loop data (b) Minor hysteresis loop prediction From these data, the method uses the turning points of the B(H) trajectory to predict the behaviour of arbitrary minor hysteresis loops, as shown in Fig. 5(b) . The method is based on the interpolation of the major symmetric loop, together with the empirical Madelung rules for the behaviour of minor hysteresis loops. A list of turning points is kept for each finite element and the list is updated by the addition or deletion of points as the simulation proceeds. The approach required a major change to the existing software, in order to solve for the magnetisation instead of the permeability. The method is practical because it:  makes only realistic demands on the user for material data  provides a good approximation to the true physical behaviour  does not require large computational resources The model includes the more complicated issues of nested minor loops and the ' wiping out'of minor loops, which occurs when the B(H) trajectory goes through an earlier turning point. The model also recognizes oscillating fields and minimizes the storage of turning points in that case. Figure 6 illustrates a model of a hysteresis brake, the performance of which crucially depends on the hysteretic characteristic of the material. A rotating dipole field is produced by an airgap winding with azimuthally-varying current density. Figures 6(a) and (b) illustrate how, in a transient rotating machines solution, the hysteresis loss and eddy current loss from the hysteretic and conducting parts of the brake can be quantified and plotted. During the transient simulation, the instantaneous torque in the machine is recorded in OPERA2d, as shown in Figure 7 . From this, the average mechanical braking power can be computed which should equal the total loss in the system. Here, the mechanical braking power was computed as 169 W, while losses totalled 166 W (151 W hysteresis and 15 W eddy current). A second example is a simple 50 Hz, 4-pole 3-phase hysteresis motor. This consists of a 12-slot conventional stator and an annular rotor made from hysteretic material. Figure 8 shows the geometry and magnitude of flux density at the beginning of the simulation. The short length of the motor requires that a 3D model is solved, using the Opera-3d/CARMEN-RM software [3] . Figure 9 shows the production of torque due to hysteresis after starting the motor and the consequent rise in rotational speed. The ripple of the torque occurs because the applied field from the stator is rotating at 1500 RPM but the rotor is almost stationary in comparison, only reaching about 30 RPM after 200 mSec. The symmetry of the motor has been exploited in the analysis -only 1-pole pitch and half the axial length are modelled -as can be seen in Figure 8(b) , which also shows a display of the sum of the density of the stored energy and the energy dissipated due to hysteresis in the rotor since the start of the transient analysis.
Application in a Hysteresis Brake & Motor
Conclusions
Successful treatment of soft and hard magnetic material magnetisation in a Finite Element Analysis environment has been presented in this paper, potentially leading to highly accurate prediction of electric machine performance. Future publications will present a comparison of simulation results with experiment.
